N itrogen fertilization is a critical management practice required for producing maximum corn (Zea mays L.) grain yield. Many factors, including soil type and crop management systems, determine optimum rates. In Louisiana, N recommendations are based on soil type, alluvial or upland soil, and irrigation status (Fromme et al., 2016) . On irrigated alluvial soils, N recommendations were 180 to 270 kg N ha . Although split applications are recommended (before or at planting and when corn is 8-30 cm tall), N is typically applied soon after the crop has emerged. The effect of soil type was born out in a 10-yr summary by Mascagni and Tubana (2013) , who reported that the economic optimal N rate (EONR) on Commerce silt loam (fine silty, mixed, thermic, nonacid, Aeric Fluvaquent) (dryland trials) was about 210 kg N ha -1 and 250 kg N ha -1 on Sharkey clay (very-fine, montmorillonitic, non-acid, thermic Vertic Haplaquept), regardless if the clay was irrigated. They concluded that the lack of differences between irrigated trials in EONR may have been due, in part, to a higher than expected N requirement in the non-irrigated Sharkey clay low grain yield trials, resulting from reduced fertilizer N efficiency. Tremblay et al. (2012) showed that corn response to applied N was significantly greater in fine-textured soils than in medium-textured soils. Abundant and well-distributed rainfall and, to a lesser extent, accumulated heat units enhance yield response. They found that corn grain yields increased by a factor of 1.6 (over the unfertilized control) in medium-textured soils and 2.7 in fine-textured soils at high N rates. After fertilization, uncontrollable factors, such as too much or too little rainfall, may produce soil conditions conducive to N fertilizer loss through volatilization, leaching, denitrification, or inefficient plant uptake.
Corn begins to rapidly take up N during the middle vegetative growth period, with the maximum rate of N uptake occurring near silk (Hanway, 1963) . Numerous studies have shown that yield responses, and often full grain yield may be obtained with N applications ranging from V6 (6 leaf collar) to tasseling (VT) Binder et al., 2000; Scharf et al., 2002) . When weather causes unplanned delays in N application or when severe inseason N loss occurs, Scharf et al. (2002) suggest that economical responses to N are likely to be obtained until silking. In many cases, however, Sripada et al. (2005) found that a lack of adequate N before VT resulted in a loss of grain yield potential that was irreversible and is not regained by N additions at VT. Adequate N applied earlier in the season (V7-V8; 7-8 leaf collar) is necessary to maintain yield potential through VT.
When high soil moisture conditions are imposed on poorly drained soils, corn grain yield potential and fertilizer recovery are reduced (Torbert et al., 1993; Kaur et al., 2016) . Welch et al. (1971) found no differences in corn grain yield response between preplant (PP) and sidedress (SD) N applications in 3 of 4 yr on poorly drained Illinois soils; however, in a year of above-normal June rainfall, corn yields with SD-N were greater than with PP-N; indicating greater losses of PP-N when climatic conditions conducive to N loss occurred. Scharf et al. (2002) found that SD applications may result in improved N efficiency and can lower in-season N loss in wet years. Tremblay et al. (2011) reported that relatively high rates of in-season N were needed to enhance crop growth in areas of high electrical conductivity, low elevation, and high slope, which are characteristic of unfavorable growth conditions. Management options to limit N 2 O emissions should emphasize improving N use efficiency, including managing irrigation frequency, timing, and quantity; applying N only to meet crop needs through multiple applications during the season; using controlled-release fertilizers; or using nitrification inhibitors (Parkin and Hatfield, 2014) .
Determining optimal N needs is challenging because of the complex interaction between climatic factors affecting the availability of soil N and plant demand. Several researchers have indicated that relative chlorophyll meter (RCM) readings are useful in diagnosing N deficiency during the growing season, but their use is limited (Vetsch and Randall, 2004; Scharf et al., 2006; Ziadi et al., 2008) . Rather than using hand-held chlorophyll meters, researchers have found that spectral sensors mounted on equipment or airplanes are much more effective in detecting N stress over large areas (Sripada et al., 2005; Scharf et al., 2011) . Remote sensing indices such as relative GNDVI (normalized difference vegetation index computed from reflectance readings at the green waveband) have been effective in detecting N deficiency across growth stages from early season to tassel (Sripada et al., 2005; Sripada et al., 2008; Schmidt et al., 2009) .
Excessive rainfall often occurs during corn growing seasons in the lower Mississippi Delta. Nitrogen fertilizer deficiency may occur late in the season due to N fertilizer loss via denitrification and reduced N fertilizer use efficiency, or to increased plant demand and higher yield potential as a result of good growing conditions. Information is needed on the efficacy of supplemental N (SN) at late growth stages of corn on alluvial soils in the lower Mississippi Delta. This study was conducted to evaluate if SN application at early silk (R1) can increase corn grain yield on two alluvial soils. Table 1 . Furrow irrigation in Sharkey clay trials were applied on an as-needed basis (Table 2) . Phosphorus, K, and S were applied whenever required as determined by soil tests. The previous crop was cotton (Gossypium hirsutum L.), and Louisiana State University AgCenter cultural practices were followed.
MATErIALS And METhodS
For each trial, treatments were arranged in a randomized complete block design with three or four replications. Measurements included machine-harvested grain yield from two center rows of fourrow plots. Chlorophyll readings (using a Konica Minolta SPAD502Plus chlorophyll meter) were collected from some of the trials. Readings were taken at R1 prior to SN application. Ten readings from mid-leaf of the ear leaf were taken from the two middle corn rows of each plot. Relative chlorophyll meter readings were calculated based on readings for the N-sufficient treatments. Mean and standard deviation of grain yield and RCM of individual trial were computed using Excel software. Grain yield data across years were pooled within soil type (i.e., non-irrigated Sharkey clay, irrigated Sharkey clay, and non-irrigated Commerce silt loam) before performing analysis of variance using PROC MIXED procedure in SAS 9.4 (SAS Institute, 2012). The fixed effect was the different ESN rates, including one ESN rate with and without SN. The random effects were year, replication, and their interaction. Contrast analysis on grain yield data was performed if treatment effect was significant at the 0. ).
rESuLTS And dISCuSSIon
Monthly cumulative rainfall and average maximum/minimum temperatures are presented in Tables 3 and 4 , respectively. Monthly cumulative rainfall was below the long-term average in 4 of the 6 mo during the growing season. June, a critical month for March-planted corn, was about 47% (38 mm) below the long-term average. In 4 of the 9 yr, June cumulative rainfall was 13 mm or lower. Cumulative rainfall was above the long-term average only for July and August, with July 2007 recording the highest at 406 mm. The average maximum/minimum temperature across the 9-yr period was very similar to the long-term average for 27 yr ( Table 4) .
The impact of moisture and soil type was highly reflected on grain yield levels. Grain yields ranged from 0.76 to 10.7 Mg ha -1 on non-irrigated Sharkey clay, 0.24 to 13.61 Mg ha -1 on irrigated March  130  33  81  208  64  142  64  201  114  132   April  89  84  94  84  18  69  147  173  94  104   May  130  46  140  94  53  30  160  180  104  109   June  10  13  56  5  8  58  69  135  43  81   July  117  406  10  180  94  124  193  117  155  109   August  104  91  394  135  185  198  20  218  168 94 † Long-term average for 50 yr. , respectively (Tables 5 and 6 ). On the other hand, RCM values at R1 growth stage were comparable across years and soil types (Tables 7 and 8 ). Nitrogen rate, as expected, had a more consistent and evident impact on RCM, with no-N having the lowest value.
The analysis of variance on pooled data on grain yield and RCM readings across years within each soil type showed a consistent and significant effect of N rate (p < 0.001; Table 9 ). Based on average grain yield, irrigation appeared to have a synergistic effect with N on Sharkey clay soil, i.e., irrigated corn had a larger positive yield response to increasing N rate, with an estimated optimal N rate of 265 kg N ha -1 (Fig. 1) . At this ESN rate, the yield kg ha (Fig. 2a and 2c ). Grain yield of corn on non-irrigated Sharkey clay for the no-N control plots averaged 1.29 Mg ha -1 , suggesting that plant-available soil N from non-fertilizer sources was low. There was little response to SN in ESN + SN treatment (200 + 65 kg N ha -1 ) because yield was already maximized at about 200 kg N ha -1 (Fig. 1 and 2a) . Although not significant, there was a trend for increased yields with increasing ESN rates and when SN was applied at R1 in 2008. Cumulative rainfall in May was above the long-term average, and plant N demand was probably the greatest in this dryland condition. In 3 of the 4 yr, rainfall was necessary for activating the SN, and there were about 3 wk between the application of SN and an activating rain event.
The low N response in the non-irrigated Sharkey clay soil was probably related to low rainfall, particularly in June (Table 3 ). In these non-irrigated trials, 3 of the 4 yr had June rainfall of 13 mm or less and had 56 mm in 2008, which was still below the long-term average of 81 mm. Since much of the grain-fill occurs in June for March-planted and early April-planted corn, it is a critical month for grain development. Across N treatments, grain yield for the three trials with low June rainfall only averaged 7.7 Mg ha -1 compared with 10.46 Mg ha -1 in 2008 (Table 5 ). For the irrigated Sharkey clay, the response to N was consistent across years, with grain yields for the no-N controls ranging from 0.24 to 2.58 Mg ha
, with an average of 1.21 Mg ha -1 (Table 5 ). The 200 kg ha -1 ESN rate was not adequate to produce maximum yield in these irrigated trials, with the maximum yields being attained with N application rates ranging from 235 to 265 kg N ha -1 (Fig. 1 and 2b) . Thus, SN application at R1 was effective in increasing grain yield. Although irrigation minimized the effect of inadequate soil moisture affecting plant development and N nutrition, there was a range of grain yield responses from year to year. With similar cultural practices (same cultivar and sources for ESN and SN), grain yield increased from 1.27 to 11.88, 1.22 to 8.00, and 0.24 to 8.13 Mg ha -1 with N application of 200 kg N ha -1 in , 2009 , and 2010 , respectively. Mamo et al. (2003 found that EONR required for corn may vary spatially due to variations in soil characteristics and temporally due to the interactions among environmental factors. Mascagni and Tubana (2013) reported in a 10-yr summary that maximum yield on irrigated Sharkey clay soils occurred at about 280 kg ha The application of SN increased grain yield of corn grown on irrigated Sharkey clay soil. Grain yield increases ranged from 0.29 Mg ha -1 in 2008 to 2.47 Mg ha -1 in 2012b (Table 5 ). The contrast analysis on the pooled data revealed that grain yield for the 200 kg N ha -1 ESN rate was significantly greater with SN compared with no SN, but the ESN + SN treatment was no better than the equivalent ESN rate (Table 9) . Although not directly compared, responses occurred across both SN fertilizer sources and methods of application. Average yields for broadcast urea were 11.7 Mg ha -1 , 10.06 Mg ha -1 for dribbled urea-ammonium nitrate solution, and 12.11 Mg ha -1 for broadcast ammonium nitrate applications. Activation of the late applications was not a factor in these trials, because irrigation was applied soon after N application.
When averaged across years, SN increased yield by 1.65 Mg ha -1 (16%) (Fig. 2) . Grain yields for the ESN + SN treatment (200 + 65 kg N ha . Jaynes and Colvin (2006) reported that mid-season (16 leaf ) split N application yielded significantly less than if the same amount was all applied after emergence. They attributed this to the split having insufficient N early in the season, but adequate N by harvest, with the early season deficit lowering yield significantly compared with the single early season application. Hendrickson and Han (2000) applied 220 kg N ha -1 at emergence and split 220 kg N ha
between emergence and just prior to anthesis. In six fields, there was no difference in yield between application strategies. At one site with particularly wet spring conditions, the split treatment gave higher yields than the single-season application. Torbert et al. (1993) introduced high soil moisture conditions at the V6 to V8 stages, and even though fertilizer recovery averaged 83, 50, and 44% with 0, 100, and 152 mm of excess water, a late N application of 55 kg N ha -1 resulted in yields comparable to the ambient water treatments. Sripada et al. (2005) found in many cases that a lack of adequate N before VT resulted in a yield loss that was irreversible. They concluded that adequate N applied earlier in the season (V7-V8) is necessary to maintain yield potential through VT.
Relative chlorophyll meter readings for the no-N controls averaged 0.547 for the non-irrigated Sharkey clay and 0.52 for the irrigated Sharkey clay (Table 7) , with an average of 2.91 Mg ha -1 (Table 6 ). Maximum grain yield on this soil occurred at N application rates between 170 and 200 kg N ha -1 (Fig. 1 and 2c ). The increase in grain yield due to SN ranged from 0.41 Mg ha -1 in the 2007 trial to as much as 2.47 Mg ha -1 in the 2014b trial. In 2012, the lower yield obtained from corn treated with SN compared with ESN only was apparently related to a relatively high residual N carry-over from the previous crop. This was consistent with the no-N control yielding 7.32 Mg ha -1 , which was the highest across years. When averaged across years, SN significantly increased grain yield by 0.93 Mg ha -1 (10%, p < 0.001) ( Fig. 2c ; Table 9 ). On the other hand, grain yield of the plots with SN was 0.77 Mg ha -1 (7%) less than plots applied once with its equivalent rate of 200 kg N ha . According to Crozier (2002) , N applications as late as VT should be considered as part of a corn fertilizer N management scenario, with adequate N applied early season to maintain grain yield potential through VT. Additionally, on the silt loam soils in this study, where late N applications were not activated by irrigation, there may have been loss of SN due to volatilization. Jokela and Randall (1997) concluded that both grain yield and fertilizer N recovery were affected by unusually dry mid-season conditions.
The RCM readings taken at R1 were not consistent in diagnosing grain yield response to SN application (Table 8 ). In 2011, a large grain yield response to SN occurred at 1.96 Mg ha Grain yield responses to N were greater on Sharkey clay soil, particularly when irrigated, compared with the Commerce silt loam soil. This may have been due, in part, to higher residual N levels on the Commerce silt loam, and N loss potential through denitrification was perhaps higher on Sharkey clay, requiring higher N rates for maximum grain yield (Mascagni and Tubana, 2013) . On average, the clay content of the Sharkey clay soil within the 0-to 60-cm depth at NERS was 60%, contributing to its high swelling and shrinking capacity and somewhat poor drainage system. Dupree (2015) found a significant reduction in yield from 2.07 (2013) to 0.1 (2014) Mg ha -1 in control plots, even when the initial total inorganic N content for both years was 26 mg kg -1 or 62 kg N ha -1 within the 0-to 30-cm depth of the soil. A higher amount of rainfall was recorded in 2014 than in 2013 after N application. Tremblay et al. (2012) found that corn grain yields increased by a factor of 1.6 (over the unfertilized control) in medium-textured soils compared with 2.7 in fine-textured soils at high N rates. Corn in these studies was planted from mid-March to midApril, with R1 occurring from late May to mid-June. Thus, N deficiency occurring in April and May could be detrimental to plant growth and development. Conditions conducive to potential N fertilizer loss via denitrification were present in 2013 on the irrigated Sharkey clay, where rainfall for April, May, and July were above the long-term average. In this trial, there was a 2.33 Mg ha -1 response to SN; however, grain yields for the SN treatment and ESN equivalent rate were similar (Table 5) . Maximum yield could not be verified because there was no rate higher than 265 kg N ha -1
. Only in July 2007 did excessive rainfall occur. Between 4 July and 20 July, there were six rainfall events of over 100 mm, including rainfall of 51 and 94 mm on consecutive days, 13 and 14 July. This occurred during the latter part of grain-fill and probably had little effect on N nutrition and grain yield. Kaur et al. (2016) found that 1-d waterlogging had little effect on corn growth, whereas flooding durations of 3 and 7 d caused reduction in corn grain yields of 21 and 36% compared with non-flood control.
Corn in this study was planted on 1-m wide raised beds to enhance drainage and facilitate furrow irrigation. The fields had some grade so that irrigation water could flow via gravitational forces.
These factors, along with properly placed drainage ditches, enhance surface drainage and improve the interaction between soil and plant, thus improving plant growth and yield potential; however, several days of wet conditions resulting from rainfall or rainfall following an irrigation could produce soil conditions conducive to fertilizer N loss via denitrification.
Grain yields in the irrigated trials were increased, resulting in higher optimum N rates and consistent responses to SN at R1 compared with the non-irrigated trials. In many cases, there were no grain yield differences between the SN and the equivalent ESN rate (Tables 5 and 6 ). An economic analysis of the data showed that the highest net return occurred for the single early season application of 270 kg N ha -1 (Mascagni et al., 2014) . Net return to the grower for the single application compared with the dual application was increased by $36.93 ha -1 . The outcomes from these trials confirm the present N recommendations for alluvial soils in the Lower Mississippi Delta, with the higher rates suggested for heavier clay soils. Although ESN applications of 200 kg N ha -1 on Sharkey clay and 135 kg N ha -1 on Commerce silt loam were not adequate in these trials, SN applied as late as R1 was effective on irrigated Sharkey clay and non-irrigated Commerce silt loam soils (Table 9) .
Oftentimes visual N deficiency symptoms late in the season can alert the grower that additional N is needed. An in-season fertilizer management system permits the grower to make decisions based on the plants' needs for the current season, maximizing returns and minimizing environmental concerns. Determining the need for additional N is challenging because of the complex interaction between climatic factors affecting the availability of soil N and plant demand. The use of RCM as a diagnostic tool for SN application in corn in this study was not consistently successful. Recent advances in diagnostic tools such as remote sensing, particularly utilization of drone technology, are being refined to aid in identifying late-season N problems. Thompson et al. (2015) concluded that growth models and sensors are effective in diagnosing corn N nutrition; however, they are limited in that they cannot fully predict the effects of weather on crop health and N availability from the time of in-season application until harvest.
ConCLuSIonS
The outcomes from these trials demonstrated the impact of soil type and environmental factors on corn yield potential and optimal N rate requirements. Rainfall amount and distribution during the growing season were essential to optimal growth of corn and activation of the much needed applied N in June when grain filling occurs. Irrigation has a synergic effect with N on Sharkey clay soil. At the 265 kg N ha -1 application rate, irrigation increased the benefit from N application by 3.28 Mg ha -1 (37%). Supplemental N applied at R1 increased grain yield by 10% (0.93 Mg ha ESN for non-irrigated Commerce silt loam and Sharkey clay soils, respectively; however, with equivalent ESN rates, SN application was not beneficial. The RCM readings were not consistently helpful in diagnosing SN requirement, perhaps due to the significant changes on environmental factors post-SN application. This study validates the present N recommendations for corn grown on alluvial soils in the Lower Mississippi Delta. Future research should focus in developing robust tools in gauging corn in-season N needs to maximize productivity in above or below average years. 
